INTRODUCTION
Dilation of the ascending aorta can lead to life threatening conditions such as dissection or rupture, depending mainly on aneurysm size and additional risk factors such as bicuspid valve or Marfan's syndrome. [1] [2] [3] It is crucial to monitor patients with a dilated ascending aorta from an early stage in order to choose the right moment for surgical repair. 4 The current consensus, recommending surgery when the ascending aortic diameter reaches 5.5 cm for non-Marfan patients is based on clinical series observed by experienced clinicians and surgeons. 5 This recommendation, however, has been challenged by a recent study of patients with aortic type A dissection, as 59% of patients had aortic diameter below 5.5cm and 40% of patients even had a diameter below 5cm. 6 TTE is an established, rapid, and safe method for monitoring the growing aortic root and ascending aorta. 7 Several studies providing reference values for the aortic root have been published. [8] [9] [10] [11] Yet literature is lacking of large TTE studies defining the normal size of the ascending aorta (AA). The aim of this study is to establish reference values of the size of the AA measured by TTE in relation to gender, age and body measurements and to compare the size of the AA with that of the sinus of Valsalva (SoV).
METHODS

Study sample:
The 13 The size of the SoV and the AA were measured in the left parasternal longitudinal window by two-dimensional guided M-mode.
We used the leading-edge to leading-edge technique for both SoV and AA according to the ASE recommendations, 13 ,14 yet measurements were done in end systole. The exact sites of measurements are shown in Figure 1 . The right pulmonary artery was defined as landmark for measuring the AA. Table 2 .
Linear regression of all variables showed that both SoV and AA best correlated with age (Table 3) . Height showed poor correlation with AA and SoV due to the confounding role of age (negative correlation between height and age: R = -0.22 in men and -0.23 in women).
Average norm values for the dimensions of AA and SoV were calculated using multiple regression. Men and women were tested separately in fourteen models. Table 4 provides the percentage of variance R 2 explained by each model. In line with linear regression, age was the most important predictor of SoV and AA dimensions. The highest explained variances were obtained by models using age, square of age and BSA (for SoV and AA in men and AA in women) and using age, square of age and height (SoV in women). R 2 of height differed insignificantly from R 2 of BSA for SoV in women. To remain consistent, we used BSA for all further calculations. According to the explained variances, we calculated gender-, age-and BSA specific 5 th and 95 th percentiles for the AA and for the SoV using equation (1):
(1) : (α) + (β*Age) + (γ*Age 2 ) + (δ*BSA) = 5 th and 95 th percentiles, respectively, with α being the intercept and β, γ and δ representing the respective coefficients (Table 5) .
Figures 2-5 demonstrate the reference values of the 5 th and 95 th percentiles of AA and SoV separately for men and women, using typical values for BSA. The indicated BSA ranges covered 87% of our male and 86% of our female patients. Due to the inclusion of (γ*Age 2 ) in equation (1), the ascent of the upper and lower limit flattens with increasing age.
We examined the relationship between size of the SoV and the AA. The correlation was r= 0.66 (p < 0.001) in men and 0.64 (p < 0.001) in women. Figure 6 shows the boxplot of A non-negligible proportion of persons showed a negative difference (19% in men, 30% in women), indicating that the dimension of the AA was larger than that of the SoV. This was more likely in older patients as we found a negative correlation with age (R = -0.31 for men and -0.29 for women).
DISCUSSION Principal findings
In our study of the dimensions of SoV and AA of a mixed population with normal echocardiographic findings of the heart we were able to calculate 5 th and 95 th percentile curves of the normal size of both the SoV and the AA from age 20 through 80 separately for men and women. Overall, the mean SoV diameter was 3.4cm in men and 3.1cm in women, mean values for the AA were 3.2cm and 3.0cm respectively. Testing 14 different models we found that the dimensions of the AA and the SoV can best be characterized using the variables age, square of age and BSA. We also found that the dimension of the SoV was in general larger than that of the AA. The size differences between SoV and AA were significantly smaller in women than in men and showed a negative correlation with age both in men and women.
Comparison with previous studies
Ascending aorta:
Although TTE is an established and widely accepted method for assessing the size of the AA, literature on age related TTE reference values for the AA is scarce. Our study contains the largest population studied to date for AA diameters measured by TTE. Values published earlier on are difficult to compare to ours due to small sample size, 9 difference in age and selection criteria of the study population 17 or used technique. 18 In our population we found a faster progression of growth of the AA in younger age than in the elderly, best represented in a formula including age in square. Studies published so far have used linear calculation models to predict the upper normal limit of either SoV 10 or AA. 18, 19 Yet considering the two major changes of the aorta with age, dilation and stiffening, 20 it seems unlikely that the aorta grows on a linear axis. Our data rather suggest that dilation is the main change early in adulthood (when elastic lamellae are mainly intact and collagen fibers relatively sparse), whereas later in life growth of the AA is limited by stiffening (due to increase in collagen fibers and mucoid material).
The upper normal values of the diameter of AA are of interest given the potential risk of dissection or rupture of the dilated AA and hence for the consideration of elective aortic replacements. The current consensus recommends surgery once the ascending aortic diameter reaches an absolute value of 5.5 cm for non-Marfan patients. 5 From our data we can conclude that AA dimensions of ≥ 4.6cm (men) or of ≥ 4.3cm (women) are abnormal in the vast majority of our population. More importantly however, already smaller AA dimensions can be considerably above the upper norm, as the range of normality in our patients mainly depended on age and BSA. Pape et al. 6 demonstrated in a recent study that indeed already an ascending aorta diameter of < 5.5 cm may hold a significant risk for complications. They studied the AA dimensions of patients presenting with type A aortic dissection and found that at the time of dissection, the AA measured < 5.5 cm in 59% and < 5 cm in 40% of patients.
By the absolute number of AA diameter alone, most of their patients did not meet the criteria for elective surgery and yet developed aortic dissection. Considering the high mortality rate of aortic dissection, future studies should concentrate on more reliable predictors of aortic dissection than absolute size of AA. It might prove relevant to put the absolute size in perspective to gender, age and BSA.
Sinus of Valsalva
To date only one large study has been published with age related TTE reference values for SoV. 10 The authors reported dimensions of the SoV that were 2 and 3mm smaller than ours for men and women respectively. They used a linear equation depending on age and BSA, whereas we found a significant benefit when adding age in square. The reason for the difference in size might be found in the different population under study. 21, 22 Difference between dimensions of SoV and AA Few authors have addressed this question in comparable studies. In our large study population we could demonstrate that age has the greatest influence on diameter, and more so in the AA than in the SoV. The reason for the slower dilation rate of the SoV compared to the AA must remain speculative. Lower tendency to dilate due to differences in wall structure and geometry are likely, yet comparing histological studies are missing. Agmon et al 18 found comparable results to our study (bigger SoV-AA differences in men than in women, and smaller or reversed difference with higher age). Roman et al 9 reported slightly larger differences (0.4 cm in men and 0.3 cm in women, no evaluation over lifetime documented).
Influence of systemic hypertension
The influence of hypertension on diameter of thoracic aorta has been studied widely at the level of SoV and somewhat less at the level of AA. Results so far have been conflicting. 9, 11, 17, [23] [24] [25] [26] [27] In our study, the exclusion of patients with systemic hypertension led to clinically irrelevant differences in the 95 th percentile curves (range of 0.2mm). There is also little evidence that arterial hypertension has a significant effect on enlargement rate of aneurysms of the AA. 28, 29 On the other hand, arterial hypertension has been identified as a risk factor for dissection or rupture of aneurysms of a diameter of less than 5.5cm. 6 In view of the present study as well as today's literature the role of systemic hypertension in altering the dimension of the AA and the SoV remains to be defined.
Limitations
Defining normality in medicine remains challenging, and three crucial points have to be addressed. First, normality harbors racial aspects. 27 Our database did not cover information on racial background (the majority of the Swiss population being Caucasian). This limits the use of our results throughout the world. Second, 'normal' in medical terms may stand for the absence of disease. Using such a rigorous definition, normality would become a rare condition in the elderly. Our study population reflects daily clinical routine at a Swiss university hospital, including healthy persons as well as very sick individuals. Our reference values are therefore very useful for this specific setting, however they do not represent normality when defined as absence of disease. Third, due to the retrospective design of the study we cannot report on a prospective validation of our reference values for AA.
Timing and method of measuring the SoV and the AA may limit the applicability of our data to patients elsewhere. Currently there are no recommendations regarding timing or the aortic measurements. 13 From the study of Sahn et al 14 we know that measuring in end systole (our study) or end diastole (Vasan et al 10 ) leads to comparable results. The current chamber quantification guidelines favor two-dimensional (2D) over M-mode measurements of AA and SoV. 13 The guidelines are based on the study of Roman et al. 9 who reported a systematic SoV underestimation of about 2mm when measuring by M-mode compared to 2D
echocardiography. The authors make the cyclic heart motion responsible for the smaller Mmode measurements. In our experience, this is of lower importance in the less complex anatomy of the AA compared to the SoV. In our daily practice the use of inner edge to inner edge technique results in measurements of SoV and AA that are approximately 2mm smaller compared to the leading edge technique (our study), irrespective of the mode of measurement.
Unfortunately to date no single study addressed these differences in timing and method. Yet, the consideration of age and BSA along with consistent and reproducible measurements is probably of greater clinical importance for the patient than timing and mode of measurements.
Conclusion
Based on a large study population, we calculated 5 th and 95 th percentile curves of the normal size of both SoV and AA for age 20 through 80 separately for men and women. The normal dimensions of the AA and the SoV showed a strong correlation with age, square of age and BSA. The dimensions of the SoV were larger than those of the AA, the difference between SoV and AA negatively correlated with age. Our findings stress the importance of indexing dimensions of the SoV and the AA to age and body surface area separately for men and women.
Figure legends Title: Boxplot of diameter differences between sinus of Valsalva and ascending aorta in men and women.
Legend: Median diameter of SoV was bigger than median diameter of AA by 0.2 cm in men and by 0.1 cm in women (mean diameter differences: men 0.18 cm, women 0.06cm). 
